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ABSTRACT
The blazar 3C454.3 exhibited a strong flare seen in γ-rays, X-rays, and optical/NIR bands
during 3–12 December 2009. Emission in the V and J bands rose more gradually than did the
γ-rays and soft X-rays, though all peaked at nearly the same time. Optical polarization mea-
surements showed dramatic changes during the flare, with a strong anti-correlation between
optical flux and degree of polarization (which rose from∼3% to∼ 20%) during the declining
phase of the flare. The flare was accompanied by large rapid swings in polarization angle of∼
170◦. This combination of behaviors appear to be unique. We have cm-band radio data during
the same period but they show no correlation with variations at higher frequencies. Such pe-
culiar behavior may be explained using jet models incorporating fully relativistic effects with
a dominant source region moving along a helical path or by a shock-in-jet model incorporat-
ing three-dimensional radiation transfer if there is a dominant helical magnetic field. We find
that spectral energy distributions at different times during the flare can be fit using modified
one-zone models where only the magnetic field strength and particle break frequencies and
normalizations need change. An optical spectrum taken at nearly the same time provides an
estimate for the central black hole mass of ∼ 2.3 × 109M⊙. We also consider two weaker
flares seen during the∼ 200 d span over which multi-band data are available. In one of them,
the V and J bands appear to lead the γ-ray and X-ray bands by a few days; in the other, all
variations are simultaneous.
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1 INTRODUCTION
The flat spectrum radio quasar (FSRQ) 3C 454.3 (2251+158; z =
0.859) is a bright and frequently observed blazar. It shares the
common FSRQ properties of non-thermal emission and significant
variability across the entire electromagnetic spectrum along with
substantial optical polarization (Smith et al. 1988; Healey et al.
2007; Sasada et al. 2013, 2014). FSRQs such as 3C 454.3 have
spectral energy distributions (SEDs) that show the usual two broad
humps peaking at mm-IR wavelengths and around 1 GeV (Urry
& Padovani 1995; Sambruna et al. 1996). The lower energy one
is ascribed to synchrotron emission from a relativistic jet point-
ing near our line of sight, while the high energy peak presumably
arises from inverse Compton (IC) scattering of lower energy pho-
tons off the synchrotron emitting relativistic particles (e.g., Urry &
Padovani 1995). The strongest constraints on emission models and
the locations of emission regions in blazars can come from analysis
of broadband SEDs as they vary in time, and any clear correlations
between different bands during flares are of particular interest. The
central engine of 3C 454.3 contains a super-massive black hole es-
timated in the range 0.5−1.5×109 M⊙ (Woo & Urry 2002; Liu et
al. 2006; Sbarrato et al. 2012). The flow speed down the approach-
ing relativistic jet is probably between 0.97c and 0.999c (Jorstad et
al. 2005; Hovatta et al. 2009; Raiteri et al. 2011) and the angle to
our line of sight is between 1◦ and 6◦ (Raiteri et al. 2011; Zamani-
nasab et al. 2013).
Several earlier multi-band observations of 3C 454.3 have been
conducted. Those including simultaneous γ-ray fluxes are of inter-
est to us here, and as they must incorporate Fermi or AGILE data
they must be relatively recent. In the observations of Bonning et
al. (2009) excellent correlations between IR, optical, UV and γ-
ray fluxes were seen, with lags within one day; however, the X-
ray flux then was almost non-variable and not correlated with ei-
ther the higher or lower frequency measurements. Vercellone et al.
(2009) also saw correlated optical and high energy γ-rays measured
by AGILE; they had INTEGRAL and Swift X-ray measurements,
though the latter were again not well correlated. More complete
AGILE-led multi-band monitoring of 3C 454.3 over 20 months
(Vercellone et al. 2010; Raiteri et al. 2011) found nearly simul-
taneous flux peaks across all bands from mm to γ-rays during the
strong flares, with the γ–optical correlation usually having a time-
lag less than a day. Strong correlations between γ-ray and optical
light curves (LCs) were found by Gaur et al. (2012), though in that
case, the γ-ray LC led the optical one by 4.5±1.0 days. Again, the
X-ray LC was essentially constant and so showed no correlation
with the other bands. Similar strong correlations were found be-
tween NIR-optical and γ-rays by Kushwaha et al. (2017), but with
Fermi-LAT γ-rays lagging the optical-NIR by ∼ 3 days. While in
this case the X-rays showed a behavior similar to that observed in
the optical-NIR, they were not well sampled. Strong correlated flux
variability between Fermi γ-rays and 37 GHz radio flares have been
seen on different occasions (Leo´n-Tavares et al. 2011; Ramakrish-
nan et al. 2015) in this blazar. The above studies of 3C 454.3 did
not include optical polarization measurements.
A detailed multi-band analysis of the variability of 3C 454.3
between 2009 and 2011 that did include some optical spectropo-
larimetry (Jorstad et al. 2013) discovered similar triple flare struc-
tures for each of three γ-ray outbursts. These correlations indi-
cate that the locations and mechanisms are similar for all of those
flares, the first one of which in December 2009 we revisit here
with the incorporation of substantial additional optical photome-
try and polarimetry. Radio knots in the inner jet were associated
with the first and third outbursts in mm-bands (Jorstad et al. 2013)
and here we also include cm-band light curves. Other studies of this
large flare of 3C 454.3 have included X-ray data from Swift-BAT,
INTEGRAL-IBIS and HEXT and optical data from Swift-UVOT
(Pacciani et al. 2010). Sasada et al. (2012) also studied this flare
with a focus on optical polarimetric variations.
We now briefly note several multi-band measurements of other
blazars that incorporated optical polarimetry measurements. An-
other bright FSRQ that showed a γ-ray flare in Fermi observations
during a multi-band campaign is 3C 279 (1253−055; z = 0.536);
Abdo et al. (2010) noted that it was coincident with a large change
of optical polarization. In this instance the γ-ray flux peaked shortly
before the optical and NIR fluxes and once again there were no sig-
nificant simultaneous X-ray or radio variations at that time; how-
ever, there was a strong X-ray flare some two months later that
might have had very modest optical/NIR and γ-ray counterparts.
On another occasion in 2011 3C 279 was in a high γ−ray activ-
ity state that showed multiple peaks and coincided exactly with a
352◦ rotation of the optical polarization angle and flaring activity at
optical bands (Kiehlmann et al. 2016). The prototype BL Lacertae
object, BL Lac, has of course also been subject to a great deal of
multi-band monitoring. Marscher et al. (2008) made multiple VLBI
radio maps and optical polarization measurements and were able to
detect a knot in the jet that apparently produced a double flare that
emitted between optical and TeV γ-ray energies along with a ra-
dio outburst detected later. Another peculiar result for BL Lac was
the discovery of a phase in its optical LC where the flux strongly
anti-correlated with the degree of optical polarization (PD) while
the angle of polarization stayed essentially fixed (Gaur et al. 2014).
Finally, we mention multi-wavelength (γ-ray, optical and optical
polarization, plus VLBA) variations of another bright BL Lac, S5
0716+714 (Larionov et al. 2013). They found rapid rotation of the
linear polarization vector to coincide with a peak in both γ-ray and
optical fluxes and that a new superluminal radio knot appeared at
essentially the same time (see also Chandra et al. 2015).
In Section 2 of this paper we bring together γ-ray, X-ray, opti-
cal/NIR and radio flux measurements for 3C 454.3, along with op-
tical polarimetry, during the period ∼ MJD 55000 – MJD 55200.
During one substantial flare an apparently unique combination of
flux and polarization changes were detected. In Section 3 we dis-
cuss models that could produce such observations.
2 DATA AND RESULTS
2.1 Gamma-ray fluxes
The Large Area Telescope (LAT) on the Fermi Gamma Ray Space
Telescope (hereafter Fermi-LAT; Atwood et al. 2009) has been ob-
serving the gamma-ray sky since its launch in June 2008. The high
sensitivity and wide field of view (∼ 2.4 steradians) of Fermi-LAT
means that it has revolutionized our knowledge of the sky in its en-
ergy band that covers 20 MeV to 300 GeV. Fermi-LAT normally
operates in a scanning mode that covers the entire sky every three
hours.
The gamma-ray light curve of 3C 454.3 is shown in the top
panel of Figure 1. We extracted daily gamma-ray fluxes in the
100 MeV to 300 GeV energy range using the standard unbinned
likelihood method implemented in the pylikelihood library of the
Fermi science tools version 10r0p5. Our analysis considers only
the SOURCE class events tagged as “evclass=128, evtype=3” un-
der the PASS 8 instrument response function P8R2 SOURCE V6
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from a circular region of interest (ROI) 15◦ centered on the source
location. The Earth’s limb γ-ray background was minimized by
avoiding photons arriving from zenith angle of > 90◦ while
satellite operation and data acquisition quality was insured us-
ing filter “(DATA QUAL>0)&&(LAT CONFIG==1)”. The source
model file was generated from the 3rd LAT catalog (3FGL –
gll psc v16.fit; Acero et al. 2015) incorporating the Galactic and
isotropic extragalactic γ-ray background by the respective tem-
plates gll iem v06.fits and iso P8R2 SOURCE V6 v06.txt provided
by the LAT team. The effect of other sources outside the ROI was
accounted by generating an exposure on an additional annulus of
10 degrees around it. With all these inputs the likelihood fit was
iteratively performed by removing point sources that were not con-
tributing at the time and thus had a test statistic (TS; Mattox et al.
1996) < 0 (Kushwaha et al. 2014). We used a log-parabola model
for the source with all parameters being free and the converged best
fit was used to derive the photon flux.
2.2 X-ray fluxes
Swift XRT data were gathered in the pointed photon counting (PC)
and windowed timing (WT) modes. Most of the PC data have
rates requiring pile up correction while many WT data show var-
ied position angles within one observation. We, thus, used the XRT
data files generated from the online tools described by Evans et al.
(2009) available at the UK Swift Science Data Center1. It corrects
the products for bad pixels and columns, pile up and field of view
effects. Additionally, for finding the spectrum, this reduction also
provides count-weighted auxiliary response and response matrix
files accounting for the off axis angle effects. The pile-up correc-
tions for the PC data are done by using an annular source extraction
region of varying inner radius depending on the rate. The result-
ing spectrum file for each observation was then modeled with the
phabs*power-law model in XSPEC (version 12.9.0i) with a fixed
neutral hydrogen column density of 1.34 × 1021 cm−2 (Villata et
al. 2006). The unabsorbed flux between 0.3−10 keV was then cal-
culated using the cflux task. The resultant light curve is shown in
the second panel of Fig. 1.
2.3 Optical/NIR photometry
We obtained photometric observations of 3C 454.3 from the
TRISPEC instrument mounted on the 1.5 m “KANATA” telescope
at Higashi-Hiroshima Observatory. TRISPEC is able to perform si-
multaneous three-band (one optical and two NIR bands) imaging or
spectroscopy along with polarimetry (Watanabe et al. 2005; Sasada
2012). The V and J band photometric data from the KANATA tele-
scope are presented in red and cyan symbols, respectively, in the
fifth panel of Fig. 1.
We also used the publicly available SMARTS2 data where the
observations are carried out on the 1.3m telescope located at Cerro
Tololo Inter-American Observatory with the ANDICAM instru-
ment. Data reduction and analysis of SMARTS data is described
in Bonning et al. (2012). The V and J band SMARTS data are rep-
resented by the green and magenta symbols, respectively.
Finally, we also include optical V band public archival obser-
vations from Steward observatory3 (Smith et al. 2009); these are
1 http://www.swift.ac.uk/user objects
2 http://www.astro.yale.edu/smarts/glast/tables/3C454.tab
3 http://james.as.arizona.edu/∼psmith/Fermi/DATA/Objects/
represented by black symbols in the fifth panel of Fig. 1. As can
be seen in Fig. 1 there is good agreement between measurements
made at the different telescopes during times when more than one
of these observatories obtained data.
2.4 Optical polarimetry
We obtained polarimetric observations of 3C 454.3 at the 1.5 m
“KANATA” telescope (Sasada et al. 2012). The polarization pa-
rameters are calculated from four consecutive images, which were
obtained with half-wave-plate angles of 0◦, 22.5◦, 45◦ and 67.5◦.
The instrumental polarization was less than 0.1% in the V band.
These data are presented in red symbols in the third (polarization
angle, PA) and fourth (polarization degree, PD) panels of Fig. 1.
Sparser data from the Steward Observatory spectropolarimet-
ric monitoring project (Smith et al. 2009) were previously pub-
lished (Jorstad et al. 2013) and are also shown here (with black
symbols) in the third and fourth panels of Fig. 1. There is excel-
lent agreement between the polarimetric measurements during the
limited periods of overlap.
2.5 Radio observations
The 22.2 GHz radio observations of 3C 454.3 were carried out
with the 22-m radio telescope (RT-22) of the Crimea Astrophysical
Observatory (CrAO) (Volvach 2006). Modulated radiometers were
used in combination with the “ON-ON” registration regime (Nes-
terov, Volvach & Strepka 2000). Radio observations at 36.8 GHz
were made with the 14-m radio telescope (RT-14) of Aalto Univer-
sity Metsa¨hovi Radio Observatory in Finland. A detailed descrip-
tion of the data reduction and analysis of Metsa¨hovi data is given
in Teraesranta et al. (1998). The observations and data processing
techniques are similar for both RT-22 and RT-14. The results are
given in the bottom panel of Fig. 1 in blue symbols for 22.2 GHz
and magenta symbols for 36.8 GHz frequency.
Radio observations at 14.5, 8.0 and 4.8 GHz were obtained
from the University of Michigan Radio Astronomical Observatory
(UMRAO) (Aller et al. 1999, 2014) which provided well sampled
radio LCs at those frequencies for ∼100 AGNs over time spans of
∼30 yrs.
2.6 Combined Multi-wavelength Results
We show the multi-wavelength (γ-ray, X-ray, optical, NIR, radio
fluxes and optical polarization data) taken during MJD 54980 –
55220 in Fig. 1. On visual inspection, three flares are seen and
we focused our study on them. To search for cross-correlated
variability, we selected three segments from the whole data pre-
sented in Fig. 1. Searching for cross-correlated variability, the dis-
crete correlation functions (DCFs) were estimated using the z-
transformed discrete correlation function (ZDCF; Alexander 1997,
2013) method, applicable to both uniformly and non-uniformly
sampled data. The results for these three selected segments are re-
ported in Table 1 and Figure 2.
2.6.1 Segment 1 (MJD 55060 – 55082)
In Fig. 1, it is clear that there is a strong X-ray flare starting at
∼ MJD 55060 and peaking at ∼ MJD 55070 which then declines
and reached a minimum flux state at ∼ MJD 55082. To search for
MNRAS 000, 1–?? (2017)
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Figure 1. In the top and second panels γ−ray and X-ray fluxes from Fermi-LAT and Swift/XRT are respectively presented. The third panel gives optical
position angle (PA) while the fourth gives the optical polarization degree (PD). In the fifth panel, we give optical V band data from KANATA, SMARTS and
Steward as the lower light curve along with near-infrared J band data from KANATA and SMARTS as the upper one. In the bottom panel radio data are given
from: UMRAO at 4.8 GHz, 8.0 GHz, and 14.5 GHz; CrAO at 22.2 GHz; and Metsa¨hovi at 36.8 GHz. Except where shown, error bars are smaller than the
symbols. Solid vertical lines mark the three segments in which multi-band correlations are studied and dashed vertical lines respectively mark the peaks of the
first and second flares, the peak of the peculiar flare (PF), and a decaying phase of PF.
multi-wavelength cross-correlated variability for this flare we se-
lected Segment 1 to correspond to MJD 55060 – 55082. On visual
inspection, we noticed that there is no significant activity in optical
fractional polarization and radio fluxes, so, for our examination of
multi-wavelength cross-correlated variability we only considered
γ−ray, X-ray, optical and NIR fluxes. The correlated variability re-
sults are plotted in the top left panels of Figure 2 and in Table 1.
The results for this segment show simultaneous variation between
the X-ray and γ-ray, and between the optical-V and NIR-J bands
with peaks at zero lag. During this period the ZDCFs suggest a lag
of ∼ 3 days between the X-ray/γ-ray and the V/J bands with V/J
leading.
MNRAS 000, 1–?? (2017)
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Figure 2. DCFs for the 3 segments of the multi-wavelength light curves of 3C 454.3 (see Figure 1) between γ-ray vs optical (V), X-ray and NIR (J); X-ray
vs optical (V) and NIR (J), and optical (V) vs NIR (J). The last panel shows the DCFs between light curves with PA and PD for the segement 3. The vertical
dashed line marks the zero lag between the two light curves (see §2.6).
2.6.2 Segment 2 (MJD 55082 – 55110)
From Fig. 1, we also notice that there are nearly simultaneous
γ−ray, optical/NIR flares starting at ∼ MJD 55082 and peak-
ing at MJD 55092. This flare has poor temporal coverage in X-
rays, though there is some evidence for an essentially simultaneous
flare. There is only modest variability in optical polarization (which
could be considered to show three small flares during that period,
with one at the multi-band peak and no evidence for changes in any
of the radio fluxes. To search for multi-wavelength cross-correlated
variability for this flare we defined Segment 2 as MJD 55082 –
55110. Again we only considered γ−ray, X-ray, optical and NIR
fluxes in our analysis of multi-wavelength cross-correlated variabil-
ity. The results are plotted in the top right panel of Figure 2 and in
MNRAS 000, 1–?? (2017)
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Table 1. The results for Segment 2 indicate simultaneous emission,
with lags consistent with zero for all cross-correlations.
2.6.3 Segment 3 (MJD 55150 – 55200)
Our main focus in the manuscript is the strong peculiar flare (PF
hereafter) noticed as peaking in the γ−ray and X-ray band at ∼
MJD 55168 and declining to much lower flux states by ∼ MJD
55177 (see Fig. 1). To include the entire period of the activity in
these bands we selected the Segment 3 to spanMJD 55150 – 55200.
On visual inspection, the γ-ray, X-ray, optical, and NIR fluxes are
strongly correlated during the flare period; however, these are anti-
correlated with the PD during the decaying period of the flare be-
tween the vertical dashed lines in Fig. 1 and the PA goes through
a large rotation during the flare. Our DCF analyses for Segment 3
are plotted in the bottom panels of Figure 2; the left panels give
the multi-wavelength flux correlations as discussed above, whereas
the right panels show fluxes against PA and PD. We did not use
radio flux data in the cross-correlation analysis as the only signif-
icant activity seen is a nearly monotonic rise in the 36.8 GHz flux
density that appears to have begun before this flare period and to
continue afterwards. The flux correlation results for this segment
suggest simultaneous emission with lags consistent with zero for
fluxes in γ−ray, X-ray and optical/NIR bands, at least once the
gap in V and J coverage toward the end of Segment 3 is taken into
account. However, the PA/PD correlations with fluxes show signifi-
cant anti-correlations for PA against all fluxes at zero lag, while the
PD shows negligible correlations at zero lag with any of the fluxes
and marginal indications for (see bottom right panels of Figure 2
and the bottom portion of Table 1.
As can been seen from the summary of previous work pre-
sented in the Introduction, the combination of such correlations has
never been reported for this, or any other, blazar. We note that the
optical/NIR flare starts earlier than do the X-ray and γ-ray flares,
but the peak fluxes in all these bands are essentially co-temporal.
The flare in X-ray and γ-ray lasts for∼10 days, which is the nearly
same duration noticed in earlier γ-ray flares (Bonning et al. 2009;
Vercellone et al. 2009; Gaur et al. 2012). Unless there is a rather
unlikely coincidence, in the sense that the strong X-ray variation is
independent of the other bands but just happened to coincide with
them, these combined LCs strongly suggest that the dominant re-
gions for optical through γ-ray production are co-spatial. The PA
rotations are also strong during the rising phase of the flare and
during the post flare phase, indicating that the region producing the
large flux changes possesses a strong, dominant magnetic field di-
rection, but one that is changing rapidly.
Unfortunately, the radio observations were rather sparse dur-
ing the strong flare, but while our higher frequency radio LCs show
slow upward trends that start before the flare and continue after
it, there is no evidence for any rapid changes in these radio bands
coincident with the strong flare; furthermore, the lower frequency
radio LCs are consistent with constant fluxes throughout this pe-
riod. However, the 230 and 86 GHz light curves and 43 GHz VLBI
measurements do show correlations (Jorstad et al. 2013). This type
of behavior is typical of blazar flares, where variations at cm-radio
wavelengths usually lag those at optical and mm-bands, as can be
explained by standard shock-in-jet models (e.g. Marscher & Gear
1985; Hughes, Aller & Aller 1985).
Table 1. Lag results for all the segments (in days)
Light curves 55060-55082 55082-55110 55150-55200
Segment 1 Segment 2 Segment 3
γ vs XRT −0.24+0.80−0.45 −0.09
+0.52
−1.80 −0.32
+0.58
−0.54
γ vs V −3.9+2.1−1.6 −0.2
+0.4
−0.2 +0.3
+4.2
−1.1
γ vs J −0.87+0.29−2.11 −2.2
+2.1
−1.1 +2.5
+2.5
−1.9
XRT vs V −5.6+2.4−0.5 +0.08
+0.41
−0.47 +10.1
+1.9
−3.5
XRT vs J −5.4+1.8−0.6 −0.38
+0.78
−0.71 +0.8
+7.5
−1.8
V vs J −0.02+0.20−0.20 −0.05
+0.38
−0.28 −0.86
+0.69
−0.14
flux vs PA for Segment 3 (55150-55200)
γ vs PA −1.0+1.2−3.2
XRT vs PA −5.6+4.1−1.1
V vs PA +0.1+1.5−0.2
J vs PA −8.3+8.5−0.8
2.7 Spectral Energy Distributions
Figure 3 shows SEDs at four epochs extracted from Fig. 1. The
first is for a quiescent state (MJD: 55019-55023), corresponding to
the lowest brightnesses in optical-NIR along with a low γ-ray flux,
although there were no X-ray data available then. The second is at
the first significant rise in all bands (MJD: 55070). The third epoch,
fromMJD 55168–55169, is at the peak of the peculiar flare (PF) for
all of the γ-ray – NIR bands. For the final selected epoch, the SED
is extracted from MJD 55177, during the decaying phase of the PF
when the high-energy bands have nearly reverted to their pre-flare
levels, whereas the optical and NIR emissions have barely begun to
decay.
We model all the SEDs assuming a one zone model with syn-
chrotron and IC processes arising from a smoothed broken power-
law particle spectrum with indices derived from the optical and X-
ray data whenever available, following the approach of Kushwaha
et al. (2013). Those bands can be attributed to emissions from sin-
gle components (synchrotron and SSC, respectively) and thus di-
rectly reflect the particle spectrum. In contrast, the γ-ray spectrum
appears to require inclusion of contributions from additional com-
ponents: IC of the broad line region (BLR) photons and IC of IR
photons from the torus around the central engine. During both these
epochs, the flux changes significantly within a day in some bands,
giving a reasonable constraint to the size of ∼1 lt-day (∼ 5× 1016
cm). The resulting model fluxes are the curves plotted in Fig. 3 and
the values of the model parameters are given in Table 2 (see §3 for
more details).
2.8 Black Hole Mass Estimation
Using different black hole (BH) mass estimation methods and
multi-wavelength data, the mass of the super-massive BH of the
FSRQ 3C 454.3 previously has been estimated in the broad range
of 0.5 – 4.5 × 109 M⊙ (Gu et al. 2001; Woo & Urry 2002; Liu
et al. 2006; Sbarrato et al. 2012). As we have focused on the
multi-wavelength flaring event during December 3 – 12, 2009 we
downloaded a Steward observatory archive optical spectrum of this
blazar taken nearly simultaneously (on December 15, 2009). We
analysed this spectrum following the procedure given in Guo & Gu
(2014) and the fitted spectrum is shown in Fig. 4.
We model the continuum as a single power-law, with fλ ∝ λ
α
and found the spectral index to be α = −0.680. Also present is the
broad emission line fromMg II that can be well modeled by combi-
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Figure 3. Multi-wavelength SEDs during: (left) a quiescent period from MJD 55019-55023 where it is lowest in all bands for which we have data and at the
peak of the first flare; (right) and around the two epochs during the PF marked with dashed lines in Segment 3 of Fig. 1, corresponding to the peak and during
the decline of that largest flare (see §2.7 for details).
Figure 4. Steward observatory spectrum of 3C 454.3. The continuum modeled with a single power-law is plotted as a smooth dotted line. The residual emission
line spectra after subtracting the power-law continuum is shown in the inset for the Mg II region with the lower two smooth curves (green), giving the modelled
broad line components and the upper smooth curve (red), the entire modelled line profile.
nation of two Gaussian with FWHM 3300 km s−1. The BH mass is
estimated using the broad Mg II line width and the continuum lumi-
nosity at 3000A˚ (λL3000 = 8.64 × 10
46 erg s−1; see Vestergaard
& Osmer 2009). This gives us MBH = 2.3 (±0.5 dex)×10
9 M⊙.
Our BH mass estimate is thus in agreement with previous results
given the substantial errors present in all these methods.
3 DISCUSSION AND CONCLUSIONS
Several competing models have been used to explain the earlier
flare events seen in multiwavelength observations of blazars. Here
we will mention only some of those that have considered optical
polarization properties to one degree or another. In most of the pre-
vious observations of blazars including polarimetry (e.g., Marscher
et al. 2008; Sasada et al. 2010; Marscher et al. 2010; Jorstad et al.
2010), a smooth rotation of the polarization angle with the rise in
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Table 2. SED parameters
Epoch
(MJD)
Parameter 55019-23 55070 55168-9 55177
particle index before break† 2.0 2.6 2.1 2.3
particle index after break‡ 4.1 4.2 4.0 4.0
magnetic field (Gauss) 1.9 3.22 1.5 2.7
equipartition fraction∗ 0.05 0.2 1 0.9
Doppler factor 12 17 16 16
particle break energy∗∗ 1114 594 706 662
logarithm of jet power
(erg s−1) 45.5 47.2 46.8 46.5
minimum particle energy∗∗ 30 8 15 20
size of emission region: 5× 1016 cm
maximum particle energy∗∗: 5× 104
torus covering factor: 0.3; IR-torus temperature: 1200 K
†from X-ray; ‡from optical-NIR (except for 55019-23)
∗ particle energy density/magnetic energy density
∗∗in units of electron rest mass energy
optical flux has been noticed on long term polarimetric observa-
tions. This can be explained by a non-axisymmetric magnetic field
distribution or a curved trajectory of the dissipation/emission pat-
tern (e.g., Ko¨nigl & Choudhuri 1985; Marscher et al. 2008). The
large swings of polarization can be explained by a “swinging jet”
model where the angle the jet makes with our line of sight varies
(e.g., Gopal-Krishna & Wiita 1992). However, in the simplest ver-
sion of this model, involving only Doppler factor variations, the
fluxes in all bands should change similarly, along with a swing in
the in PA. That is is not the case here: modest changes in optical–
IR fluxes are seen along with substantial increments in X-ray and
γ−rays. If variability arises from helical magnetic field structures,
the observed polarization can be calculated following Lyutikov et
al. (2005) and Raiteri et al. (2013).
The degree and direction of visible light polarization changed
drastically during the giant 20-day γ-ray flare in 3C 279 observed
by Abdo et al. (2010). Their observations unambiguously connect
the γ-ray and visible-light emission regions, showing that they
emerge from essentially the same location. They then argue that
the changing polarization properties are indicative of motion in the
jet: as a blob of gas flows around a bend in the jet, for example, the
changing angle between the direction of the blob’s motion and our
line of sight can reproduce essentially the observed changes in the
angle and degree of polarization. However, no explicit modeling
was carried out to quantify this scenario.
Marscher et al. (2008) very nicely modeled the variations they
observed in BL Lac during 2005–2006 by considering a shock trav-
eling along a spiral path, and we now summarize their picture. It
assumes that activity originating close to the black hole inserts en-
ergy into a portion of the jet’s area. This would be seen as a knot of
emission as it propagates through both acceleration and collimation
zones and the Doppler beaming of synchrotron emission grows as
the knot accelerates along its spiral path (Marscher et al. 2008). In
this model the knot’s synchrotron output increases, producing the
bulk of the emission from BL Lac from the optical through γ-ray
bands until the disturbance exits the zone of helical path. The great-
est beaming, and hence the strongest flare, in the LC occurs during
the final spiral, when the Lorentz factor of the jet is very high and
the velocity of the knot is closest to our line of sight. When the flare
dominates the optical flux, we see the optical polarization vector
rotate. Including projection effects and relativistic aberration in the
model allows the optical PA data to be well fit and the similar PA
seen at 7mm VLBA measurements supports this picture. Owing to
synchrotron self absorption the first flare is not seen in the radio
LCs. A second flare occurs when the knot crosses the radio core,
which is identified with a standing shock by Marscher et al. (2008).
The relative constancy of the PA during these observations of
3C 454.3 in 2009, aside from during and immediately after the ma-
jor flare, implies that the above scenario was not being observed in
this FSRQ at this time. However, recently Larinonov et al. (2013)
have extended the Marscher et al. (2008) model to examine multi-
wavelength variations of a major flare in the blazar S5 0716+714.
They note that minor flares often both precede and followmajor op-
tical outbursts. They interpret this in terms of oscillating Doppler
beaming of the emission (e.g. Camenzind & Krockenberger 1992).
In the Larinonov et al. (2013) picture, the series of flares occur
when our viewing angle to the propagating shock wave is smallest.
Many different flux and polarization behaviors could be reproduced
if the large number of parameters of the model are varied appropri-
ately (Larinonov et al. 2013).
Recently, Mohan & Mangalam (2015) presented a fully rel-
ativistic (including GR effects) model of variability in AGN by
considering synchrotron emitting blobs in helical motion along a
funnel or cone shaped magnetic surface anchored to the accretion
disk near the black hole. The simulated light curves for the Mohan
& Mangalam (2015) model include light bending, time delay and
aberration as well as both Doppler and gravitational shifts. They
find that the beamed intensity has a systematic phase shift with re-
spect to that from the simpler special relativistic model of Camen-
zind & Krockenberger (1992). The results indicate that a realistic
magnetic surface geometry in a general relativistic framework is
needed to describe how orbital features in the jet change the ob-
served emission, at least in the vicinity of the black hole. For these
unique observations of 3C 454.3, the critical results we need to
explain are the systematic changes in the PA and in the polariza-
tion fraction during the modest change in optical-IR flux. A model
along the lines of Mohan & Mangalam (2015) takes advantage of
GR effects when the source is close to the black hole and so bends,
as invoked, e.g., by Abdo et al. (2010), can explain the optical PA
variation. But it also exploits the helical path to explain the PD vari-
ation (e.g. Marscher et al. 2008; Larianov et al. 2013) and so has a
better chance of explaining this complicated behavior.
The the overall boost factor g is given by (see Mohan & Man-
galam 2015)
g =
Eobs
Eem
= (1− 2M/R)1/2D =
(1− 2M/R)1/2
Γ(1− β cos ξ)
(1)
whereM is the black hole mass, R is the distance (in mass units),
D is the Doppler factor, Γ the bulk Lorentz factor of the blob, while
ξ is the angle between the direction of the photon to the observer
and the instantaneous velocity of the blob. The fact that the optical
flux does not seem to change much indicates the near constancy of ξ
for the given viewing angle. For an appropriate choice of model pa-
rameters, as observed from GR simulations in a conical geometry,
the light curves can flatten out (see Fig. 11 in Mohan & Mangalam
2015).
We can take the blob to be equivalent to a mini-jet having a
constant rest frame emission and polarization properties that is fol-
lowing a bent helical path. The observed degree of polarization for
synchrotron emission coming from the region of helical magnetic
fields is found using P = Pmax sin
2 χ′, where χ′ is the viewing
angle in the jet rest frame. This angle and the observed viewing
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angle, χ are related through the Lorentz transformation
sinχ′ =
sinχ
Γ(1− β cosχ)
(2)
where, as usual, Γ is the bulk Lorentz factor of the plasma. Note
that while the built-in GR features of this fully relativistic model
are particularly useful for time keeping, with respect to the clock
of a distant observer, of the trajectory of blobs starting from near
the black hole, the kinematic effects themselves are neglible when
r ≫ rg .
As discussed in Lyutikov & Kravchenko (2017), the plane of
polarization rotation lies in the projection of plane formed by line
of sight and the velocity field on the sky and so the PA rotation can
result from changes in magnetic field topology or Doppler boosting
or a combination of these. On the other hand, the lag of γ-ray emis-
sion behind the NIR-optical output, which has been observed in
this source during other episodes (e.g. Kushwaha et al. 2017), can
result from a steeper decline of the external radiation field as com-
pared to the magnetic field, as argued by Hayashida et al. (2012)
and shown by Janiak et al. (2012). Further, a zero lag between X-
rays and γ-rays, but both lagging with respect to the NIR-optical
strongly suggests that the X-ray emission has a substantial contri-
bution from the process dominating the γ-ray band. Thus, a time
dependent model is required to actually understand the relative ef-
fect for both these situations. However, SED modeling can still be
used to understand the observation by exploring the relevant quan-
tities expected to cause such variation. In the SEDs displayed in
Fig 3 those corresponding to the peak and decay portions of the
PF show essentially no change in optical-IR fluxes while X-rays
and γ-rays both show substantial changes. At the same time, the
PA rotates by 180◦. The SED for the first flare, on the other hand,
shows a substantial hardening at X-rays with a relatively steeper
γ-ray spectrum compared to the peculiar flare, while the quiescent
SED provides some evidence for the presence of a thermal bump in
the optical-UV and displays a steeper γ-ray spectrum compared to
the others.
In FSRQs, within the framework of a one-zone leptonic ori-
gin of the synchrotron emission, the explanation of γ-ray spectra
require external Comptonization and can have contributions from
multiple photon fields such as the BLR and/or torus, depending on
the location of the emission region along the jet. Due to contri-
butions from multiple components, the γ-rays can exhibit different
spectra while the IR-optical region may have an essentially constant
spectral slope. Further, as the IR-optical component is synchrotron
emission, the observed spectrum is directly related to the relativis-
tic particle spectra and in this case the IR–optical (except when a
thermal (accretion disc) bump contaminates this regime (as may be
the case here for the quiescent SED) and X-ray spectra can be used
to obtain the particle indices. With this, the relative contributions
of external IC from the BLR and IR regions can be determined by
reproducing the γ-ray emission, if the IR temperature is known.
We wish to gain insights into the physics using a minimal
number of variations in the parameters that can give rise to SEDs
that are consistent with understanding the PA rotations during
the PF and the observed lag during the PF, with the optical-NIR
changes leading the X-ray/γ-ray ones. Hence we fixed the IR to a
1200 K black body with a covering fraction of 0.3 as inferred for
the FSRQ PKS 1222+216 (Malmrose et al. 2011). Parameters able
to reproduce the observed SEDs are given in Table 2 and the model
fluxes for them are as shown in Fig. 3. This SED modeling alone
can only constrain the magnitude of the magnetic field and not its
direction (hence, not the PA). However, the only changes needed to
explain the essentially constant fluxes in the optical/IR and the very
different fluxes in the X-ray and γ-ray parts of the SED involve B,
the particle normalization (which can be derived from the equipar-
tition factor given in Table 2) and the particle spectrum before the
break. So if there is no change to the Doppler factor then the change
in the strength and orientation of B is required to occur in such a
way that it does not affect the overall emission in the low energy
portion of the SED (e.g. Joshi et al. 2016) and can also give rise to
a hardening of the particle spectrum with a Doppler to bulk Lorentz
factor ratio of ∼ 1.6. On the other hand, the SED of the first flare
is dominated by the magnetic field, with X-rays resulting from EC,
in contrast to the PF where the X-rays are mainly from SSC. For
the quiescent SED, the NIR-optical portion is modelled as contain-
ing both synchrotron and thermal disc emission associated with the
mass of SMBH derived here (∼ 2.3×1010 M⊙). However, most of
the physical parameters are uncertain for the quiescent SED, in that
substantially less data was available then. Furthermore, it should be
noted that the modelled thermal bump from an accretion disk is an
upper limit so that its signature is not visible in the other three flare
SEDs.
An improved model for synchrotron polarization in blazars,
involving three-dimensional radiation transfer and assuming a stan-
dard shock-in-jet explanation for the flare in a jet with an origi-
nally dominant helical magnetic field, recently has been developed
(Zhang et al. 2014, 2015). These simulations can reproduce the
range of polarization behaviors seen during earlier flares without
requiring either bent or helical jet trajectories (e.g. see Chandra et
al. 2015).
From approximately MJD 55080 to 55165, the PA generally
stays at the same value, while the PD rises and falls. These changes
in PD are coupled with some smaller flares in multiple bands as
well. These changes are likely to arise from shock compression and
acceleration. For example, Laing’s (1980) model argues that an in-
crease in PD is due to the shock compression of a turbulent field
(cf. Marscher 2014); however, PA variations associated with such
a field can be erratic. In our data, especially the portion from MJD
55120 to 55130, where the PA has nearly no variation while the PD
increases from ∼ 5% to ∼ 15%, it appears that the PA variation
is not as erratic as expected from a turbulent field. So we suggest
that the background field indeed is likely to be generally dominated
by the toroidal component of a helical magnetic field (Zhang et al.
2014, 2015). This is also suggested in the study by Jorstad et al.
(2013) where it was observed that the quiescent state of 3C 454.3
during the current observation period was associated with the align-
ment of the optical polarization PA with the jet opening angle and
was interpreted in terms of a well ordered toroidal magnetic field.
When a shock compresses the toroidal component, the PD will in-
crease while the PA generally stays the same and the radiation of
this entire period may be from the same emission region. From
MJD 55165 to 55185, the PA completes a 180◦ rotation, accom-
panied by a strong variation in PD. This is probably due to some
significant change in the emission region and it is very reasonable
to suppose that reconnection may happen inside the emission re-
gion. In that case the toroidal field component is dissipated and
the reconnection strongly accelerates particles, leading to strong
flares extending up to the X-ray and γ-ray bands. Meanwhile, the
poloidal component becomes dominant and triggers a PA rotation
and PD variation. Afterward, the emission region recovers to its
initial magnetic topology.
In AGN jets the electric vector position angles (EVPAs) on
parsec scales tend to have polarization orthogonal to the jet in radio-
loud quasars, while BL Lac objects usually evince polarization
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along the jet (e.g. Lyutikov et al. 2005). The basic shock mech-
anism produces fields compressed in the shock plane and so for
transverse shocks it naturally yields EVPAs along the jet. However,
as shocks are normally intrinsically transient events, it is difficult
to see how the jet could retain its polarization orientation over ex-
tensive distances. In addition, since internal shocks in relativistic
jets normally are oblique (e.g. Hughes 2005), the bimodal distribu-
tion of jet EVPAs between the AGN classes is unexpected. Hence,
the EVPAs in BL Lacs seem to be in disagreement with the basic
shock model. An alternative interpretation of the jet polarization,
which we favor, is that the flow carries large-scale helical magnetic
fields. The polarization properties of a relativistic jet carrying heli-
cal magnetic fields can both reproduce the average properties of the
jet polarization as well as the bimodal distribution of the observed
EVPAs (Mangalam, in preparation).
By our combining γ-ray, X-ray, optical, NIR and radio moni-
toring of the FSRQ 3C 454.3 in∼MJD 55000 through MJD 55200
with optical polarimetric data we have found a flare with apparently
unique characteristics. The flare is essentially simultaneous from γ-
ray down to NIR energies, which is relatively uncommon, and the
polarization behavior is also unusual. Clearly, additional simulta-
neous multi-band observational campaigns addressed at both FS-
RQs and BL Lacs that also include polarization measurements are
necessary for a better understanding of the location and physical
mechanisms behind the variety of variations in blazars.
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